Coincident ground-based and satellite observations are presented of a premidnight auroral surge over Amundsen-Scott South Pole station. The set of near-simultaneous measurements provides an excellent opportunity to gain a more quantitative understanding of the nature of premidnight substorm activity at high geomagnetic latitudes. The surge produced a rapid onset of cosmic radio noise absorption at the station. On the polar-orbiting DMSP-F6 spacecraft, intense X-ray emissions with E > 2 keV energy were imaged 1 to 2 deg magnetically equatorward of the South Pole approximately I min prior to the peak of the absorption event. The precipitating electron spectrum determined from the X-ray measurements could be characterized by an e-folding energy of -11 keV and is fourd to be adequate to account for the cosmic noise absorption and maximum auroral luminosity recorded at South Pole. Photometer, all-sky camera, riometer, and magnetometer data are used to estimate the velocity of motion and spatial extent of the auroral precipitation and the ionospheric currents associated with the surge.j The electron precipitation region is deduced to have a latitudinal 10-nig'a ni pr < 1OO innd to hofv-1-2 km/s coincident with the and Gorney, David J., The Aerospace Corporation; Berkey, F. T., Utah State University; Eather, R. H., Boston College; and Lanzerotti, L. J., AT&T Bell Laboratories.
ABSTRACT (Continued)
movement of a westward electrojet. Northern auroral station magnetometer measurements also indicated the movement of a westward electrojet from local midnight toward the conjugate point of South Pole station at the same time. The photometric data are used to infer that precipitating electron fluxes (E > 2 keV) exceeded 200 ergs/cm 2 s and contributed to a verti cal current density of -0.017 A/cm. This current density is comparable, to within a factor of -2, with the horizontal ionospheric current density (-0.028 A/cm) inferred from the ground-based magnetometer measurements at South Pole station. The presence of a large flux of electrons with E < 2 keV is discounted as an explanation for the difference on the basis that the expected 630 nm auroral luminosity would exceed by about an order of magnitude the luminosity that was observed (< 1 kR).
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Introduction
Energetic electron precipitation as measured on the ground at high latitudes on the nightside is associated primarily with the westward traveling surge [Rostoker et al., 1980] , a very dynamic event of small spatial scale initiated at the breakup of an auroral substorm [Meng et al., 1978; Inhester et al., 1981; Opgenoorth et al., 1983] . On occasion, however, high-latitude energetic electron precipitation has been reported by satellite measurements to occur in the form of isolated patches [e.g., Imhof et al., 19851 . A common manifestation in the nightside polar ionosphere of surge-type particle precipItation is a sharp spike in the absorption of cosmic radio noise [Nielsen and Axford, 1977; Hargreaves et al., 1979] . Absorption spikes are characterized by rapid onsets ( 1 min) and are produced by energetic electron precipitation (E > 20 keV) usually occurring within a narrow spatial region ( 50 km) located at the poleward border of a westward electrojet.
At auroral zone latitudes, absorption spikes are usually associated with the expansion phase of substorms [Nielsen and Greenwald, 1978; Nielsen, 1980; Nielsen et al., 1982) , whereas Hones et al. [1986] have shown that at the geographic South Pole (A -750) such events typically occur in the late stage of magnetospheric substorms and appear to coincide closely in time with expansions of the plasma sheet at -18 RE in the magnetotail.
During the first 8 months of 1983, approximately 100 rapid-onset absorption events, exceeding 0.5 dB at 30 MHz, were recorded at the Amundsen-Scott South
Pole station in the 6-hr magnetic local time (MLT) interval 2100-0300 (at South Pole MLT * UT -3.5 hrs). Southern hemisphere passes of the DMSP-F6
satellite occurred wi-thin a few minutes of the detected maximum absorption in 10 of these events. Of these, one event, which occurred at the end of July 20,
1983
, when the Aerospace scanning X-ray spectrometer Imaged the South Pole within 1 minute of the maximum measured absorption, provided a rare opportunity for comparisons of complementary measurements of electron precipitation, the visible aurora and ionospheric currents at South Pole.
A previous study using data from the P78-1 satellite and from the instruments at South Pole station [Imhof et al., 1984] J found good agreement between the spatial and energy distributions of electron precipitation derived from satellite X-ray imaging (E > 21 keV) and the measured cosmic noise absorption. That study examined a short-lived (-10 s) precipitation spike associated with the apparent development of an eastward electrojet equatorward of the main precipitation region. The total rate of electron precipitation (deduced from the X-ray data) was approximately one-third that determined from the Ionospheric current (i.e., magnetic field) variations. The discrepancy in that instance was attributed to underestimation of the incident electron fluxes with energies 20 keV.
The present study differs from that of Imhof et al. [:1984JJ in that 1) the July 20. 1 983 event focuses on the onset-to-maximum absorption stage of the poleward leading edge of a precipitation region that produced a westward electrojet; 2) photometric and auroral imaging observations were available at South Pole station to better define the dynamical and morphological features of the event; and 3) the satellite X-ray data include the lower energy range (E S 20 keY) not previously available and more appropriate for comparison with the photometric and ionospheric current data. The m~orphological and spectral
Information provided by this set of ground and satellite measurements should aid in the evaluation of theoretical Interpretations of surge events [e.g., influences the dynamics of the surge [Rothwell et al.. 1984] .
Measurements and Analysis
The plan of analysis was to determine the spectral characteristics and spatial distributions of the precipitating electrons using the DMSP-F6 satellite X-ray image in the vicinity of the South Pole. Unfortunately, DMSP optical imagery is not available for this time period. The satellite X-ray measurements and quantities derived therefrom were then compared to the intensity, spectral and spatial information inferred from riometer abso-ption, auroral luminosities, and ionospheric currents measured at South Pole station.
The combined satellite and ground-based data sets provide more information on the morphology and dynamics of the precipitation event than can be acquIred by any single observation alone.
A comprehensive set of ground-based instruments is available at South Pole station with which to study polar ionospheric phenomena. The particular measurements used in the present study were obtained by the sensor systems listed in Auroral X-ray images were acquired with the Aerospace scanning X-ray spectrometer [Mizera et al., 1984 [Mizera et al., , 1985a on the DMSP-F6 satellite,wnict was in a sun-synchronous circular polar orbit at -830 km altitude. The p-opcrtional counter (PC) X-ray spectrometer acquires a complete X-ray spectrar (2-70 keV in 24 differential channels) once per second while scanning from 1:~t to limb across its ground track once every 20 seconds. A second set or X-rai sensors was also flown on the DMSP-F6 satellite. Three cadmiii telluride dTe solid-state detectors with integral thresholds above 15, 30 and 60 KeV we-e mounted on a scanning head with the motion opposite to that of the PC sca7 nrE head [Mizera et al., 19B5a] . The CdTe angular field of view in the crcss track direction was approximately one-half that of the PC.
A raster image of X-ray intensity can be constructed from the combinatlo' of satellite motion and instrument scans. Furthermore, X-ray spectral information for E > 2 keV is available from the PC for each pixel in the image.
Basic characteristics of the incident electron spectrum can be inferred from the bremsstrahlung X-ray spectra [e.g., Mizera et al., 1978; Miller ant Vondrak, 1985; Imhof et al., 19853 . In this report, a least-squares technique is used to determine the electron spectral shape which most closely reproduces the observed X-ray spectrum.
Since the DMSP satellites are sun-synchronous, their orbital inclinations are such that the spacecraft never pass closer than 90 in latitude (-1000 km) to the poles. Thus, in situ electron measurements from the satellite cannot be used in this study, and remote sensing Is required Lo obtain the precipitation pattern and spectra over the South Pole.
Observa ti ons erg/cm 2 s; the minimum electron flux contour plotted is I erg/cm 2 s. Figure 1 shows that the highest intensity of bremsstrahlung X-rays and inferred electron energy fluxes occurred a few degrees away from the South Pole, toward midnight. At that point in the scan, the time was 2358:04 UT; the scan did not actually image the South Pole until 2358:24 UT. Note that the alignment of tne flux contours at the magnetically poleward edge of the precipitation region is predominantly in the magnetic east-west direction, i.e., approximately perpendicular to a line from South Pole station to the geomagnetic pole.
FiJgre 2 (dashed curve) shows the X-ray differential number flux at energies of -2 keV to 24 keV obtained from the proportional counter. These data we-e auqjred at 2358:04 UT in the pixel that contained the maximum X-ray -ens.ty. The vertical bars indicate the statistical counting errors. Above X-ray Differential Energy Spectra at 2358:04 UT on July 20, 1983, at the Point in the Scan of Figure 1 Where the Highest Intensity X-ray Fluxes Were Recorded. Counting rate uncertainties in the upper energy channels of the proportional counter are shown. The solid line is the X-ray spectrum derived from the cadmium telluride detectors.
proportional counter permitted only two points of the spectrum to be determined above 18 keV, the cadmium telluride detectors were used to 1) corroborate the apparent hardening of the X-ray spectrum above E -20 key and 2) examine with finer spatial resolution where the energetic electrons were precipitating. The solid line in Figure 2 was derived by differentiating the integral CdTe X-ray spectrum above E -15 keY and normalizing it to the lower energy spectrum. All three CdTe sensors were used to sum the counts in each integral channel in order to decrease the statistical errors. The data show that the X-rays with E 15 -20 key were co-located with the equatorial edge of the highest intensity contour of the X-ray energy fluxes in Figure 1 (left).
The highest electron energy flux contour In Figure 1 (right) reflects the hardening of the X-ray spectrum at this location.
Two methods were used to derive the incident electron spectrum based on the X-ray differential spectrum shown in Figure 2 . In the first method, a single exponential fit to the high-energy portion of the X-ray spectrum was used together with the results of Berger and Seltzer [1972] to infer an electron efolding energy of 11 keV. This provided a convenient spectral parameter (i.e., the electron e-folding energy) for interpreting the results of the riometer measurements. As discussed below, the single component fit, employed in the energy range from 2 to 65 keV, could account satisfactorily for the observed luminosity and cosmic noise absorption.
In order to study the electron spectral shape in more detail, the electron spectrum was obtained from a least-squares analysis. In this method, a "firstguess" electron differential number flux spectrum is specified for energies comparable to those of the differential X-ray measurements. The bremsstrahlung X-ray spectrum which would result from the "first-guess" electron spectrum is computed and compared. to the observed X-ray spectrum. The electron flux spectrum is then varied iteratively until the sum of the normalized square deviations between the observed and computed X-ray spectra is minimized. A Levenberg-Marquardt numerical iteration scheme has been used, and consistent convergence has been experienced for a variety of initial spectral shapes when reasonable counting statistics are available.
The electron spectra derived by both methods are shown In There is some obscuration by haze and by moonlight near the lower left of each image. The sequence of photos shows that auroral arcs, aligned mainly magnetic east-west, appeared on the equatorward horizon and moved rapidly poleward (at -I km/s estimated from the ASC data). This magnetic east-west alignment was also seen in Figure 1 in the alignment of the poleward edge of the electron energy contours derived from the X-ray flux contours imaged from space.
The most poleward arc in Figure 6 crossed the zenith during minute 2357. in the precipitation rate.
Some of this structure is also evident, but to a lesser extent, in the other ground-buatsd data >,tt.
As previously mentioned, the main auroral carrent system passed overn',ac '! South Pole at -2359:45 UT.
This occurred -30 s after the peaks in tnp 20.5 MHz absorption, the 42 7 .8 nm luminosity and the negative H-compcnent magnetic bay and about 100 s after the maximum precipitation Imaged by the satellite X-ray spectrometer 1 -21 magnetically equatorward of the South Pole; il.
is also consistent with the extent of the auroral disturbance as indi:te the ASC pictures. Assuming that the auroral current system can be represe-le! as a horizontal thin line current at -100 km altitudealigned approximrtely perpendicular to the geomagnetic meridian through South Pole (as suggesed the ASC data), the change in the H-component of the magnetic field (-50-,T Implies a total current of -2.5 x 105 A. Table 2 MHz absorption values (A z ) which will be used for comparison with later calculations.
The peak intensity of the N 2 * (427.8 nm) emission of 53 kR was reached at 2359:14 UT. At this time the oxygen red line intensity at 630 nm was < 1 kR, implying that the incident electron spectrum has a characteristic energy exceeding 10 keV [Rees and Luckey, 1974] The differential electron number fluxes for an exponential spectrum with efolding energy of 11 keV and as derived from the proportional counter X-ray data of Figure 2 using the least-squares analysis were presented in Figure 3 .
The derived spectrum represents the most intense bremsstrahlung activity (2358:041 UT), when the satellite was observing a region 1-2 degrees from South Pole station, toward the midnight sector. The ground-based instrumentation at the station recorded peak activity at 2359:14 UT. At this time the optical emission at 427.8 nm exceeded 50 kR, and the riometer data indicated that the zenithal absorption at 30 MHz was about 6.9 dB. For the purpose of comparison, we assume that the region of most intense precipitation moved overhead of South Pole station during the -90-s interval between the satellite scan and 28 the observation of peak ground-based activity, and that the characteristics of the incident electron flux remained unchanged during this interval. Table 3 summarizes the integral electron number and energy fluxes, the auroral luminosity and 30 MHz riameter absorption calculated from the electron spectrum derived by the least-squares technique and from the single 11 keV exponential spectrum. The calculations were performed for several electron energy ranges; the least-squares spectrum was extrapolated for energies greater than 35 keV. The observed 427.8 mm emission of -50 k1R and the zenithal 30 MHz riometer absorption of -7 dB can be accounted for by the 11 keV exponential spectrum if the electron energy limit Is extended to about 65 keV. Energy range (keV) f -1.1 x 10 9 exp(-E/11) 2 < E < 30 2 < E < 50 2 < E < 100 and Luckey [1974] , one then obtains a 427.8 nm intensity of 3 kR and a 630 nm/ 427.8 rnm ratio of 3. Thus, a 630 nm intensity of 9 kR would be expected, whereas an order of magnitude less was observed (see Figure 5 ).
Uncertainty in the estimate of the precipitation region width also has a bearing on the quality of the comparison of vertical and horizontal currents.
The agreement obtained in this event is better than was obtained, for example, in the work of Imhof et al. [1984] .
Many of the morphological, dynamical and spectral features of the observed event are comparable to those previously observed in association with the westward traveling surge. Inhester et al. (1981) reported current densities of 1-10 uA/m 2 over a 100 x 100 km patch, giving a total field-aligned current of -105 A, comparable to the 2.5 K 105 A reported here. The field-aligned currents in a surge have been observed to be confined to the leading edge of the pattern [Meng, 1918; Opgenoorth et al., 1983; Kan and Kamide, 1985] , and electron precipitation at high energies (-10 keV) is common [e.g., Meng et al., 1978; Mizera and Gorney, 1981] . Velocities of surges are typically 1 to 2 km/s [Pytte et al., 1976] , although higher instantaneous velocities have been reported [e.g., Opgenoorth et al., 1983; Yahnin et al., 1983] .
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